undergoing degradation mainly due to water erosion. The use of biosolids and MSW for rehabilitating de- (Harris-Pierce et al., 1995; Moffet, 1997) .
, which may contribute to of soil Cd, Pb, Ni, and Cr did not change as a result of biowaste minimizing runoff and thereby mitigating water erosion amendment in the study period. The growth of native plants was (Harris-Pierce et al., 1995; Moffet, 1997) .
enhanced by the addition of biowastes. Total plant canopy and plant
In semiarid ecosystems, the probability of nutrients or biomass increased significantly and remained higher in all treatments toxic elements leaching to ground water is low. Semiarid than in the control plot over the three-year period. The species richness of native plants decreased with increasing biowaste rates. Differences
Mediterranean soils are generally calcareous and have in the development of native plant communities between treatments a high pH, which favors the immobilization of most were observed, and were more remarkable three years after biowaste heavy metals. In addition, plant growth could be stimu- The results of Aguilar et al. (1994) , who studied a results while avoiding environmental risks.
semiarid grassland in the southwestern USA to see how different quantities of biosolids affected plant response and soil chemistry, showed that a once-only surface ap-T he agronomic use of organic wastes such as bioplication of biosolids at 22.5 to 45 Mg ha Ϫ1 significantly solids and municipal solid waste (MSW) has inincreased plant production and ground cover without creased because of the need to lower disposal costs, to causing undesirable levels of potentially hazardous elerecycle nutrient elements in the soil-crop system, and ments (including heavy metals) in either soils or plant to offset the decreasing organic matter content of soils.
tissues. In contrast to inorganic fertilizers, urban organic wastes
The aim of this study was to determine the effects of have high organic matter content and can be used as a different application rates of biosolids and municipal source of slow-release N and P. Recently, urban wastes solid wastes on a semiarid native grassland over a threehave been used in the restoration of native rangelands year period. The objectives were to (i) determine the (White et al., 1997; Pierce et al., 1998; Rostagno and effect of waste application on soil chemical properties Sosebee, 2001 ). When applied to agricultural land, these and heavy metal concentrations; (ii) evaluate plant canorganic amendments are generally incorporated into the opy cover and production, as well as the total nutrient soil, whereas in rangeland restoration they are surfaceand heavy metal concentration of native plant species; applied only once to avoid disturbing soil and vegetaand (iii) evaluate the effect of waste treatments on the tion. The extensive use of organic wastes on disturbed development of the native plant community over three lands has been slow to develop, mainly because of the years. cost of transport from the source of production, yet semiarid degraded soils offer ideal sites where these MATERIALS AND METHODS type of waste can be beneficially recycled (Sabey et al., 1990) .
Site Description and Experimental Procedures Most soils in areas with Mediterranean climate are
In April 1997, anaerobically digested biosolids and the composted organic fraction of a municipal solid waste coming from home garbage (MSW) were surface-applied to a degraded Twelve composite soil samples were taken from each plot at depths of 0 to 15 cm with a 5-cm-diameter bucket auger in P Յ 0.05 was used for the comparison of means. The same March 1997 (before treatment), and then again every March tests were also used to analyze aboveground biomass producfrom 1998 to 2000. Wastes that did not incorporate to the soil were previously separated. The samples were air-dried, and tion, plant canopy cover, and plant tissue nutrient and heavy then ground to pass a 2-mm sieve. All 28 soil samples from metals results. When data were not normally distributed, the each of the four sampling dates were analyzed for chemical Box and Cox (1964) diagnostic procedure was used to select properties with standard soil test laboratory procedures of the the most appropriate transformation. Univariate (ANOVA, Ministry of Agriculture, Fisheries and Food (1994) . The pH Kolmogorov-Smirnov test of goodness of fit) and multivariate (1:2.5 soil and water) was determined by a glass electrode.
analyses (stepwise discriminant analysis, canonical discrimiElectrical conductivity was measured by a conductivity cell in nant analysis, M. De Box test) were used to analyze the richa soil to water ratio of 1:5. Total N was determined on a ness of species in the native plant communities. All these Kjeldahl digest. Available P was determined by Olsen's proceanalyses were undertaken with BMDP7M and CANDIS produre following extraction with 0.5 M sodium bicarbonate.
grams from BMDP Release 7 (BMDP Statistical Software, Available K ϩ was extracted with 1 M ammonium acetate solu-1992). tion (pH 7) in a 1:20 soil to extracting solution ratio and measured by inductively coupled plasma emission spectroscopy (ICP). Organic matter was analyzed by the Walkley-
RESULTS AND DISCUSSION
Black procedure. The concentrations of soil heavy metals were Generally, the levels of plant nutrients were higher previously described by Walter et al. (1989). in the biowaste-treated plots than in the control (Tables  3 and 4 ). Organic C levels did not significantly change Plant Sampling and Analysis with biosolid amendment over the three years (Table 3 ).
Soil Chemical Properties and Heavy Metal
The vegetation was sampled in May of 1998 May of , 1999 May of , and 2000 Soils often respond to nitrogen additions with further to obtain the percentage total canopy cover, species richness, increases in the mineralization of indigenous soil organic and total aboveground plant biomass production. Chemical matter (Woods et al., 1987) . In the short term, this (Table 2) . ganic C levels begin to change in the second year after Aboveground plant biomass was also randomly measured MSW amendment. Significantly higher organic C levels at the same time by harvesting (hand cutting) the total vegetawere found only with the highest rate in 1998 and with all tion of six 0.22-m 2 quadrats. Plant tissue samples were washed MSW rates in the third year after application (Table 4) .
in distilled water, oven-dried at 60ЊC for 48 h, weighed, and
Application of the biosolids at the intermediate and then ground to 0.1 mm before chemical analysis. They were high rates caused the electrical conductivity (EC) to then analyzed for total nutrient and heavy metal concentrachange significantly in the second year. After the first tions by digestion with concentrated nitric acid followed by ICP. Total N was determined by the Kjeldahl method (Minisyear, significant differences were also found for the intry of Agriculture, Fisheries and Food, 1994) .
termediate and high MSW applications. However, soil EC levels with both types of treatments showed that Statistical Analysis soluble salts were not sufficiently concentrated to inhibit plant growth (Brofas et al., 2000) . The EC in the MSW Analysis of variance (ANOVA) was used to study the results of soil chemical analyses. Tukey's multiple range test at treatments was slightly higher than in the same-rate biosolid treatments. Soil pH did not change significantly unamended soil (Table 3) , but not as high as in the first year, due mainly to P fixation by CaCO 3 . After the first as a result of biowaste application (Tables 3 and 4) .
After the third year, the available P remained signifiyear, available P concentrations in the intermediate and high biosolid treatments were about 10-fold more than cantly higher in the waste-amended soils than in the ) in all treatments. Concentrations Brofas et al. (2000) also reported a remarkable increase of DTPA-extractable Ni did not change significantly as in soil-available P after the application of biosolids. The a result of biowaste application (Tables 5 and 6 ). This is rise in soil-available P in MSW treatments was less than important since heavy metals limit biowaste application. in the biosolid treatments. In the first year, no significant Similar results were obtained by Fresquez et al. (1990) , differences in NaCO 3 H-extractable P were noted among who reported that levels of DTPA-extractable soil Cd the different application rates, but significant differdid not increase significantly as a result of biosolid ences between these and the unamended soil were found amendment after the first three growing seasons. The in the second and third years (Table 4) .
DTPA-extractable Zn and Cu concentrations signifiSoil-available K was higher in the MSW than in the cantly increased in MSW plots (Table 6 ). Levels of Zn biosolid treatments. The values decreased in the last and Cu increased over the three years of the experiment. year in both types of treatments. Soil-available K conConcentrations of DTPA-extractable Zn and Cu in the tents were low and did not increase significantly with biosolid treatments did not significantly change until biosolid treatments compared with the control (Table  the second year (Table 5) , when higher Zn and Cu 3). Soil-available K increased with the MSW treatments levels were found for the intermediate and high biosolid (Table 4 ) over the three years of the study, with signifiapplication plots compared with the control. In the third cant differences found among treatments. These results year, only the high biosolid application increased Zn agree with the K content of the biowastes applied.
and Cu concentration. Extractable Pb concentrations in Total soil nitrogen did not change significantly as a result of biosolid application in any of the three years plant biomass production in the second year in all treat- ‡ Not detectable (detection limit for Cd ϭ 0.1 mg kg Ϫ1 ; for Cr ϭ 0.08 ments was probably due to a lower average mean anmg kg Ϫ1 ).
nual precipitation. both biowaste treatments did not significantly change Compared with the unamended treatment, the appliover time. The highest DTPA-extractable Zn and Cu cation of both biosolids and MSW increased the macroconcentrations encountered in both amended soils were nutrients of the native vegetation to concentrations adestill far below the levels considered phytotoxic (Tiedequate for plant growth (Tables 8 and 9 ). In all three mann and Lopez, 1982).
years, the N, P, and K contents of tissues from plants in treated plots were significantly higher than in those Native Vegetation Properties from control plots. As expected, the concentrations of Cr, Cd, Ni, and Pb in plant tissue did not increase signifiWith the exception of the highest rate of both wastes cantly over the three years as a result of the waste in the first year, the total percentage plant cover inapplications. Tissue Cr was below the method detection creased significantly with all the biowaste treatments limit (Ͻ0.08 mg kg Ϫ1 ) and no significant differences in for the three years (Table 7) . Total canopy cover showed tissue Pb, Cd, and Ni were found (Tables 8 and 9 ). On a significant decrease at the high rate for both biowastes the contrary, the concentrations of plant tissue micronuduring the first year. Partial biowaste decomposition trients, such as Zn and Cu, increased with biowaste was observed in the first year, which seems to indicate application rates. The Zn and Cu contents in the MSW that some remained on the soil surface, perhaps acting applications were adequate for plant growth, while the as a physical barrier to plant emergence.
Zn and Cu levels with the biosolid applications were Total aerial plant biomass production increased in the three years of the study in response to the application of lower and could even be considered Zn and Cu deficient. 41b  153c  41b  40  977a  75a  302b  65a  80  923a  70a  357b  67a  120  701b  46b  490a  53ab   1999   0  206c  47b  206c  47b  40  200c  95a  347a  85a  80  283b  98a  253b  87a  120  325a  96a  232b  86a   2000   0  200c  59b  200c  59b  40  484b  96a  464b  85a  80  831a  99a  514a  92a  120  847a  98a  511a 93a † Means within the same column and year followed by the same letter are not significantly different at the 0.05 probability level (as determined by Tukey's multiple range test). A remarkable change in the native plant communities position than perennial species, which have deeper root systems. was observed since the first year after the surface application of either biosolids or MSW, with a reduction in Different plant species or groups were selected (Table 2 ) and used as variables in the statistical analysis. perennial species and an increase in annual plants (Fig. 1) . This is similar to that reported by Biondini
The Box and Cox (1964) diagnostic procedure was used to select the most appropriate transformation (square and Redente (1986) , who indicate that plant diversity decreases in the presence of high nutrient concentraroot). Canonical and stepwise discriminant analyses were undertaken to evaluate the study treatments and tions. No similar pattern was found, however, by Pierce et al. (1998) , who reported that annual plant species to establish the characteristic variables (species) of each. Univariate and multivariate analyses showed very signever represented more than 3% of total canopy cover: perennial grasses, mid-seral shrubs, and forbs remained nificant differences (P Ͻ 0.0001) among species in relation to treatment applied. the dominant species in a semiarid shrubland following biosolid treatment. In the third year of the study, the For the stepwise analysis, the plots were grouped together according to their treatments (control, biosolids, change in richness in plant species remained. This effect was greater in the biosolid than in the MSW treatments, and MSW), irrespective of application rate differences. Linear discriminant analysis involves an algorithm in possibly due to greater organic matter decomposition and therefore greater quantities of plant-available N.
which mathematical functions (linear combinations of the variables) are constructed in such a way that the With the surface application of biowastes, N was first available in the upper few centimeters of the soil surface.
differences among the established groups are maximized. The more representative species were selected Under these conditions, annual plants may be in a better nant function gave 100% correct classification rates for control and biosolids and 83% for MSW.
These results show that the biowaste-treated plots showed different native plant community development to the unamended plots, and also that differences are found in plant species richness between the two biowaste treatments. In addition, canonical discriminant analysis was undertaken to complement the results obtained, and again all treatments were correctly classified. This analysis takes into account all the species selected. The squared canonical correlations obtained for 1998 were 0.86 and 0.63 for the first and second function (Can 1 and Can 2), respectively. In the second year (1999), the squared canonical correlations were 0.87 and 0.71 for the same functions. In the last year, values of 0.94 for the first function and 0.82 for the second function were obtained. The correlations between the canonical variable and the original variables, called canonical structures, were used in conjunction with plots of discriminant canonical functions to aid interpretation of group differences. The plots obtained are shown in Fig. 1 . For 1998, the biosolids treatments were clearly separated from the MSW and control treatments, positioned at the negative side of the first canonical function (Can 1). This is mainly due to the presence of Gramineae 1 and 2, Cruciferae, and Mediterranean stork's bill. The second canonical function (Can 2) separated the control treatment from the MSW treatments. White plantain and Spanish thyme are the species that distinguish control treatment, while rocketsalad distinguishes MSW treatments. For 1999, the control treatment was clearly separated from the other treatments at the positive side of the first canonical function, mainly due to the presence of Spanish thyme, white plantain, and legumes. The second axis (Can 2) separated the biosolids treatments (Gramineae 2) from MSW treatments (white plantain, Mediterranean stork's bill, and Gramineae 1). Finally, for the last year, the separation of the groups (treatments) was more remarkable. The control treat- The results clearly show that the different treatments Lag. Dunal). With these selected species it is possible define the different native plant communities that deto classify at 100% the control and the MSW treatments velop. There were sufficient quantities of nutrients from for the first two years, and the biosolid-treated plots at the biowaste amendments to sustain the proper condi-81 and 93% for the first and second year (1998 and 1999) , respectively. For the last year (2000) the discrimitions for rapid growth and the dominance of annual species. This resulted in competitive exclusion of other
